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13. 42 STWACTY
A xescoxeh proqr nodirect~d townrd galning cn wndezsisrding of the moleclar
nechzni-ne of lexrge stradn cefoxr ntion in glassy and ovetliline polyners has
been curied out., The Invesiigation enceapzseced two types of experimentel
yrocodures! deforxmctien cxuordicats on bulk polyrerz to detoxiine tho thormal
activation paranetcns of the rate Lirlting step of the deforneiion process,
and nicroscopic cxavination of derovswed soamples 1o dctexaine wbat types of
nolocular motions had talen place. Nacconconic defoxsmation cxperincnts were
porforncd of polycuvbonate ond podycthylene, fctivestion enthalples, chear
activation volurco, and dilutsticn aclivation volumes were deternined for
each polyrer. MHicroccopic studios vere perforned on extended chain crystalline
polyethylene vhich hod a sphewwlltic structure. Deformation was found to
ocour on dircrete chear bzads. Tho sphorwlitic structure did not scem to strongly
affect tho deiormaticn, Licroscopic examination revedicd that deformation could
take placo by intradrrellar £lip in any direclion on any plune parallel to the
direction of the noleculos, by iut~rlamellar sheay, and by foxnation of kinks,
The bohavior of chear bands in polycarbonato is elso discussed, and a
technique for producing netallic xroplicos of pelymor surfaces is dosr'ribod.
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I. n - P of Re

The purpose of this resesrch prograr was to study the nature of laxge
strain plastic deformation of polymers with the intent of gaining an under-
standing of the xolecular level mechanism of the deformaticn, The ultimate
goal of the projsct was to develop a model for the molecular motions which
occur durinzg the deformation process and to identify the critical rate
limiting step in the process, The studles undertaken in this program were
of two different types: 1) macroscopic deformation experiments of the
thermal analysis type designed to neasure the parameters of the thermally
activated rate limiting astep of the deformation, 2) nicroscopic exanination
of deformed polymer structures to determine what molecular motlons can
occur, Thermal analysis measurementis were made on polycarbonate (Lexan),
which is amorphous, and on high molecular weight polyethvlene (Allied
Chemical AC1220) which is crystalline, Microscoplc studies were made of
extended chain polyethylene which was prepared by cxrystaliization under

pressure to glve a spherulitic structure of extended chain cxystals,

Bulk defommation expsriments wers carried out in the mode of torsion
of tubular samples, This mode was chosen to suppress the insgtability asso.
iated with necking and drewing, which is characteristie of tensile deformation
of most ductile polymers. Exxly in the work on deformation of polycarbonate,
it wae found that plastic yleld in torslon was accompanied by a small dxop

in the stress even in the absence of a change in the ocross sectional area
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of the sanple z0 that the material wxzs undergoing a true work softening
instability. Hicroscopic examination of the samples revealed that the
ylelding process was accompsnied by the formsation of fine deformation
bands siailar to those observed in other glassy polymers by & number of
investigators (1,2). HMost other investigations of ghear tends have employed
copression specimens with siress concentrating notches to produce the
shear bands and to suppreas crazing and fracture, In these experinents,
the shear bands are often growing in sz stress gradient, and ingtabilities
assoclated wi’h the deformatior are a common problem, Since the experiments
in this investigation employed torsional loading, the stress was relatively
uniforn throughout the saaple and no sexrious ingtabilities wers encountered,
The project, therefore, took advantage of the opportunity offered to exten-
sively study the process of deformation through the mechaniam of shear band
formatien and growth, The results of this atudy are described in detail
elaewhere (3), (The manuscript of this paper is subnitted as Rept. No.
DAHCO~71-C~0037-1,) so only the important findings are summarized hers,
Deformation of polycarbonate to a shear ctrain of approximately 70%
at roon temperature and atmospheric pressure takes place by the process of
growth of shear bands. During this stege of deformation, the strain dist-
ribution in the samples is inhomogeneous being the full 70% inside the shear
bands and less than 10% outside the bands, The deformation outside the
bands 3s viscoelastlc and relaxes with time after the load is removed, while
the xtrain inside the bands is plastic and remains in the sample indefinitely
unless the sample 1s annealed., Fine shear bands originate at the maximum in
the stress-strain curve, After initiatlion of the bands, the nominal stress

in the sample drops slowly when stroining is ~ontinued at the same rate, aul
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the bands grow in length to encircie the sample, The drop in the nominal
stress armounts to about 10%, After the bands have encircled the sanpis,
they begin teo broaden along the gage section of the sample until they cover
the entire gage section and the sanple containg a unifors strain of 70%,

The growth in the width of the tands along the specimen axis occurs at a

P R, S

relatively constant stress. A typlcal torague twist curve for a sample is
shown in Fig, i. Pictures of the bands in varlous stages cf developaent 5
are ghown in Fig. 2. |
If the sample is unloaded,after the deformation tands have been formed,
and twisted in the opposite direction, the deformation in the bands is
revexsed. Only after the strain In all of the previously formed bands has
been conpletely reversed, does deformation of the previously undeformed
material begin, This additional deformation takes place by additionsl
broadening of the shear bands, The siress required to broaden the bands in
the reverse strain direction has the zame magnitude as the stress which was
required to cause the bands to broaden in the originsl strain direction,
A typical reversed torque-twlst curve for the polycarbonate samples is shown
in Fig. 3. A shear band in the fully twisted and fully reversed state is
shown in Fig, 4, If the direction of twisting is reversel again, the sequence
of reveraing the strain in the existing bands followed by additlional band
growth is repeated,
The density of the deformed material inside one of the bands was compared
with the density of the undeformed material, It was found that the deformed
material was approximataly 0,1% more dense than the undeformed material,
Annealing the sanmples at the glass transition temperature of the pelymer,

causes all of the strain to be recovered and the sample returns to its
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original shape, When a deformed and annealed sarmple is retested, the entire
deformation process 1s repeated., Bands forn sgain at the same sites as
befors, This is believed to be because the bands are nucleated at stress
concentrations introduced in machining the samples,

The results of these experiments indicate that the pl astic deformation
of a glassy polynmer disrupts the structure of the material and produces a nsw
structure in which the molecules can more readily slidu over each other, The
fact that the strain can be annealed out of the sample and that the original
mechanieal properties are recovered on annealing indicate that no signifi-~
cant amount of chain scission takes place during the deformation, The
disruption of the original glassy structure of the polymer and the production
of the weaker structure accounts for the strain softening and the fact that
the material inside a shear band can be repeatedly deformed back and forth
between plus and minus 70% shear strein at a stress less than that required
to deform new materdal, The fact that the strain in the btand saturates at
¥ 70% shear indicates that work-hardening occurs by molecular allignment, No
work-haxrdening equivalent to that which occurs in metals and is a function

of the integrated absolute value of the snear strain appears to occur.

Deforsmation experiments wers carried out on polycarbonate and polyethylene
sanples. The loadirg mode was torslon with a superinmposed hydrostatic
pressure, Experiments were carried out over a wide range of pressure,
strain rate, and temperature., The results of the experiments were analyzed
using the technique of thermal analysis to determine the activation para~

neters of the process., It was assumed that the deformation pivcess is



described by the Arrhenius reletlonship
. . «
£=€, exp (-6 /KT ) (1)

and that the paranmeters of the process are defined in terms of the partisl

derivatives of AG as follows:

Activation enthalpy = H¥= AG*+ TAS* = K12 (al—ﬂ—élgﬂ—) (2) .
2T T,P
"dAS” M €/
Shear activation volume = AA* = - _T— DD S Dt Al (3)
( T 1)°T °T .)FJT
Dilatation activation volume = AV¥ = e_‘_ﬁ_c!.* = kT éﬁj{fo (4)
OP fro T
J /

vhere T 1s the absolute temperature, £S¥ iz the entropy change in the

activation process,’T is the sheaxr stress, P is the hydrostatic pressure

compenent of the stress, £ is the shear strain-rate, and AG* is the energy

required for activation.
The details of these experiments are reported in another publication

(#),(The manuscript of this paper is subtmitted as Rept. No., DAHCO4-71-C~

0037-2), The important results are listed below:

i, DPolycarbonate: Values of the activation parameters at room
tenperature, atmospheric pressure, and a strain-rate of 10"2/sec ares
Activation enthalpy: 1.3 x 10712 exg
Shear activation volumes 2,25 x 10"210.:33

Dilatation activation volumet 1.6 x 1.0-22

o
2. Polyethylene: Values of the activation parameters at room temper-

ature, atmospheric pressure, and a strain rate of 10-2/sec aret



Activation enthalpy: 2.55 x 16712 erg

Shear activation volume: 4.7 x 10791 zd
Diiatation activation volume: 3.0 x 10 e’
Activation entropy (estimated): 8 x 10-15 arg/°K

It was concluded from these expsriments that the shear yield stresses are

& significant fraction of the shear modulus of the naterial, and the activation

energies are quite laxge. This indicates that the mechanisn of deformation
18 not the motion of some struciural defect equivalent to the cxystal dis~
location, since there is no reasonable physical procese which can acount for
such a high resistance to tne motion of such a defect, Furthermore, the
large activation energies measured make the exponential term in the Arrhenius
exrression (Eq. (1)) very small of the oxder of 10“15 or smaller, A strain-
rate of 10-2 can thexefore be achieved only if the pre~exponential temm
is of the order of 1013 or zreater, Such a large value of the pre-exponential
practically requires that every monomer unit in the material be a potential
site for thermal activation., This would agaln imply that deformation is
not defect motion controlled. Existing structural defects can amount to
cnly a small percentage ¢f the total volume,

These observations would indicate that the mechanism of deformation is
by the spontaneous nucleation of defects in the material, If the displacement
asgoclated with the defect 1s pu.. shear, such a defect would be analogous
to a dislocation loop as proposed by Bowden and Raha (5). If an angular
change 1s also 1nvolved in the defect created, the defect could be analogous

to a disclination palr as proposed by Argon (6),

kel
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C. A Hetallic Replica Tschnique for Scannineg Flectron Microscopy

In the experinents to examine the microstructural aspects of deformation,

one serious problemn was obtaining a plcture of the structure with suffic-
iently high resolution to evaluate the structural changes which were
taking place. In this work, attemptz were made to use shadowed carbon and
plastic replicas viewed either in the transmission or scanning electron
microscope, and direct observation of the metallized polymer in the scan-
ning microscope., With carbon replicas in the transmission microscope, only
a small portion of the surface could be viewed at one time and it was diffi-
cult to relate the orientation and position of the portion which was examined
to the deformed sample, FPlastic replicas and the metallizad sample itself
were found to be unsuitzlile for high magnification exanination because the
heating of the electron beam caused them to deform, This thermally induced
deformation obscured much of the detail which was to be observed,

A technique was developed for making a thlick metallic replica by a
combination of vapor deposition and electroplating. (7). (The manuscript
of this paper is submitted as Rept., No, DAHCO4-71-C-0037-3.) Thic replica
techniique involves vapor depositing a 1000 Z thick layer of gold paladiun
alloy on the surface to be replicated and then plating this layer with
nickel to a thickness of 0.1 mm, This metal replica is then stripped from
the polymer surfacs, This replicating technique has several advantages over
other methods:

1. The surface viewed is an exact mirror image of the surface to b~
studied having been in direct contact with the other surface when

it was formed. Thus no detail is obscured as can be the case when a non~-
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metallic surface is metallized by depositing a 209 - 300 A thick metal
layer over it for direct viewlng in the scanning microscope.

2., The replica is mechanically strong encugh so that it cannot be
deformed when it is stripped from the surface of the sample,

3. The replica is electrically and thermelly conductive so that no
electrical charging occurs and the local heating by the electron beam is

kept small enough to avoid any distortion of the repiica.

D, Microstructural Examination of the Mechanisms of Plastic Deformation

n Extended Chaln Polyethylene

These experiments were pexrformed on extended chain polyethjlene
{Marlex 6009}, Samples were prepared by crystallizing che molten polymer,
which was sealed in a thin walled silver tube at 230°C under & hydrostatic
pressure of 5 kbar., The material was maintained at temperature and press-
ure for seven hours during crystallization, and then cooled at a rate of
2°C/min while the pressure was maintained. The material produced was a
spherulitic extended chain structure with lamellae with thicknesses between
0.5 and 1.Q/4. The specific gravity of the material was in the range
0.98 - 0,99,

Compression samples were machined from the material and they were
mechanically polished., The damage produced by the machining and polishing
was removed by lon etching the samples at ?77°K using a 3.5 kV argon lon
beam of intensity 15/uAmp/cm2. The ion etching left an amorphous skin on
the surface of the material, bni 1t was found that this skin could be

peoled off by applyiny replics tapes to the surface and then stripping
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then off, When the replica tapes were removed, the anorphous skin adhered
to the replica tape and was removed from the surface, This process produced
a surface in which 111 of the fine details of the sphexulitic structure were
clearly visibie when it wes examined using the xeplica technique described
above,

Cne of the results of tnis surface preparation technique was to reveal
that the spherulitic struciure in this materlsl is not azade up of twisted
ribbon 1like lamellae. The lamelise in the sxtended chain materdial appear to
be leaf like, baing wrapped a2round che spherulite 1like the leaves of an
artichoke, Tris structure is described in mors detail elsewhere (7).

The samples of the extended chain material were deformed in compression
to strains up to 30%., The yleld stress of the maieriai was found to be
5 kg/mz° which is greater than the yield stress of ordinary polyethylene.
Some samples fractured without yielding,

Low magnification microscopic examination of the material revealed
that the deformatlon took place on discrete shear bands which orred very
close to the maximum shear stres: 3ivections at + 45° from the tensile axis.
The strain inside the bands was estimated to be 50%, The width of the bands
was approximately 3 - 5}; and thelr [ angth was 50 - 10Q/4. This compares
witn the spherulite diameter of approximately 20/4. The shear bands had
no fixed relaticuship t» the spherulite structure, and crossed the spherulites
at essentially random locations relative to the spherulite center., At the
ma-nif toation shilch can be achieved in the optical microscope, the shear
band:  coemred 5 re setatdie Y uneffented by the micrestructure of the
pplymer Iratoxiyr et tac epharullsice structure is quite flexible and

conta‘tns & izt~ of tne deformatin modes sufficlent to accomodate
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nearly any imposed deformation.

High resolution nmicroscopy ir the scanning electron microscope of
replicas of the samples prepared in the manner described in Sec, II.C
reveal that on a scale of lamelle dimensions, the deformatlion in the shear
bands is not as uniforr az At appears in the lower nagnification studies,
This appears to be the result of the fact that the direction through the
lanella thickness parallel to the molecular direction is inextensible. The
deformation, therefore, compensates for this restriction by concentrating in
othur rsgions and by shearing of the lamella in dirsctions parallei to the
polecules and rotation of the lamella. The multiplicity of the deformation
modes appears to be sufficient that when the strains are averaged over
several lamella thicknesses, any imposed straln can b2 produced. This is
consistent with the low magnification observation that the average strain
in a band of 2 - 5//4 thickness is independent of the structure.

Detalled obsarvations reveal the existence of a number of deformation
modes. Evidence of nany of these modes is visible in Fig, 5.

1. Slip on planes parallel to the molecule with the slip direction
perpendicular to the moleculse. Fig. 6 (a).

2. Intralamellar slip on planesparallel to the moleculs with the
slip direction parallel to the molecule, Fig, 6 (b).

3. Fommstion of kinks in the lamellas. Fig, 6 (c).

4, Interlamellar shear,

The first two modes are sufficient to allow slip on any plane which contains
the moleculs direction, and ir any direction on sucn a plsne, Shear in the

direction perpendicular to the molecule 1s accomplished by shear parallel
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to the rolecule acconpanied by rotation of the lamella. Fig, 6 (d). Such
a node allows the lamella to get thinner and longer, Shortening of the
thickness of the lamella can also be accomplished by the formation of kinks
as shown in Fig. % {c). The only deformation which appears to be impossible

is an extension of the lanells thickness,

III. Conclusions about the Nature of FPlastic Deformation in Polymer
Strugtures.

FPlastlic deformation of amorphous polymer structures occurs only at
shear stresses close to the theoretical strength of the material, The process
is thermally activated and there are strong indications that the microscopic
process is one of nucleation of dislocation or disclination like loops in
previously "defect free" material. Because the stresses required are as high
relative to the modulus of the material as they are, and because deformation
does not appear to require pre-existing defects, there appears to be little
promise of improving the shear strength of polymers by structural control
as is practiced in metals, Improvements in the shear strength of polymers
will have to come from changes in the nature of the chemical bonding within
the polymer as in lonomers and covalently cross~linked structures.

In crystalline polymers, deformation appears to occur by a combination
of interlamellar shear in the lamellae boundaries, and iuvrzlamellar shear
which can occur on any plane parallel to the molecule direction, The mech-
anism by which thls defoxrmation is produced is undetermined, and it is not
known what part of the deformation process controls the overall strain-rate,

Motion of dislocations through the crystalline lamellae cannot be ruled out
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as & defomation mechanisn, The complex spherulitic structure is higzhly

innomogeneous and anisotropic, and it would appear that it would be difficul:

T AR T PR L e g

to find coapatible shear paths through the structure, Experimentally this
is not found to te the case, The multiplicity of the shear rodes in the
structure is sufficient to accomodate any imposed shezr deformstion if the

straln can be averagel over several lamella thicikmesses,

Shidcwan s P sl St i

o e

IV, ZFublications

!

k . ;

; i. “Shear Bands in Folycarbonate,” ¥W. ¥u and A. P. L, Turner,

% Subnitted to Jouxrnal of Polymer Science,

% 2, "Thermal Activation Parameters for Large Strain Deformation of
; Polvethylere and Polycarbonate,” W, Wu and A, P, L. Turner,

§ Submitted to Journal of Polymer Science,

%i 3. "A Metallic Replica Technique for Scanning Electron Microscopy,"
: ¥W. Wu, A, S. Argon and A, P, L, Turner, Submitted to Journal
; of Materials Science.

? %. " Molecular Mechanisms of Plasiic Detormation in Extended Chain

Polyethylene,” W. Wu, A, P. L, Turner. Manuscript in preparation,

V. Personnel Associated with thls Work ard Advanced Desree Keceived

1. A, P, L, Turner - Assistant Professor of Mechr.nical Engineering

Principal Investigator

2. W, Wu - Graduate Student Research Assistant, July 1971 ~ May 1972
Post Doctoral Research Fellow, June 1972 -~ June 1973,

Ph. D,recelved June, 1972.




B S Lol S A

i St

VI.

Refersnces

1. A, S. Argon, R, D, Andrews, J. A, Godrick and ¥, Whitney, J, Appl,
Fhys. 39. 1899, {1968).

2. J. C, Bauvens, J, Polvper Sci, 42 8, 893 (1970).

3. W. Wu, and A, P, L, Turner, "Shear Bands in Polycarbonate,” to bte
published in J, Poiymer Sel. Manuscript submitied to U, S. Arzy
Research Office - Durham as project Rept. lic, DAHCO4-71-C-0037-1,

4, W, Wu and A, P, L, Turner, "Themmsal Activation Paranmeters for
Large Strain Deformatior of Polyethvlene and Polycarbonate,™
subnitted to J, Polyper Sci, Manuscript submitted to U, S, Amy
Researcn Office - Durham as projact Rept. No. DAHCO4#-71-C-0037-2,

5. P, B, Bowden and S, Raha, "A Molecular Model for Yield and Flow in
Anoxphous Glassy Polymers Making Use of a Idslocation Anslogue.”
to be published in Phil, Mag,

5. A, S. ‘xgon, "A theory for the Low Tempsrature Plastiz Defomation
of Glussy Polymers," to be published in Phil, HMag,

7. ¥, Wu, & S, Argon, and A, P. L. Turner, "A Metallic Replica
Technique for Scanning Electron Micrvuscony,” to be published in

J, Mater, Sci, Manuscript submitted to U, S. Army Research

Office - Durham as project Rept, No. DAACO4-7{-C~0037-3,

PR A

e

ranr conndbea A

L
(RPN THR DU - %

-



CHTE TR T

TR

PR

pe-Riaiy A B2 B RO I e NP I

S

2.

30

/
oy

D

_1[}-.

viI, Figures

Torcue~twist curve for the deformation of polycarbonate torsion
sanplas,

Various stages of deformatior band development, (a) Fine bands
formed at yield. (b} Broadening of bands., (c) Purther developzent
of the bands, (d) Uniform reversal of the shear in the bands
during untwisting,

Tipical reverse torgue-twist curve for polycarborate torsion
sazple, Dashed line indicates reloading path for sample which has
been unloaded and allowed to relax,

Shesr band sheared in the forward direction (2). Untwisted o

zero residual strain (b)., Twisted to the fully reversed strain (c).
Structure of a deformed spherulite in extended chain polyethylene.
Hodes of deformstion in a lamellar structure., (a) Shear perpen-
dicular to the molecule dirsction. (b) Shear parallel to the
molecule directicn, (c) Kink formation to shorten the lamella
thickness. (d) Shear on a plane perpendicular to the molecule

is accomplished by shear parallel to the molecule and rotation

of the lamsclia,
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